Abstract. Al 5083 alloy powder was mechanically milled in liquid nitrogen to achieve a nanocrystalline (NC) structure having an average grain size of 50 nm with high thermal stability, and then consolidated by quasi-isostatic (QI) forging. The consolidation resulted in ultrafine grains (UFG) of about 250 nm, and the bulk material exhibited enhanced strength compared to conventionally processed Al 5083. The hardness of as-cryomilled powder and the UFG material was measured by nanoindentation using loading rates in the range of 50−50,000 µN/s, and results were compared with the conventional grain size alloy. Negative strain rate sensitivity was observed in the cryomilled NC powder and the forged UFG plate, while the conventional alloy was relatively strain rate insensitive.
Introduction
Nanocrystalline or ultrafine grained materials are often produced by severe plastic deformation (SPD) methods and exhibit significantly enhanced strength and hardness compared to conventional coarse-grained (CG) materials [1, 2] . Cryomilling involves ball milling of metal powders in liquid nitrogen. It has been used to produce bulk nanocrystalline materials with high thermal stability [3−5] . This mechanical attrition process induces repetitive SPD in powders. During cryomilling, the powder particles are heavily deformed by the repeated impact of the balls, leading to a NC structure, which then develops into an UFG structure when the powder has been consolidated. The benefits of milling at cryogenic temperature include accelerated grain refinement, reduced oxygen contamination from the atmosphere, and minimized heat generation. Deformation of bulk NC/UFG materials at various strain rates has been used to investigate mechanisms for improving the strength and ductility of the materials [6−10] . Usually an increase in the flow stress is observed at higher strain rates, indicative of positive strain rate sensitivity (SRS). According to some studies [6−8] , the effect of positive SRS becomes significant with decreasing grain size in face-centered cubic (FCC) metals [6−8] . In contrast, body-centered cubic (BCC) metals exhibit decreased SRS with decreasing grain size [7] . However, negative SRS has also been reported for both FCC and BCC metals with NC/UFG structure [9, 10] .
Standard bulk specimen testing techniques have been used to evaluate the mechanical properties of materials, including the studies related to determination of SRS. More recent work [9, 10] has relied on characterization of materials at the micro-and nano-scale level. Nanoindentation measurements [11, 12] have been developed to measure mechanical properties locally in small regions, such as the cross section of powder particles. Such measurements would not be possible using conventional bulk testing methods.
Experimental procedures
Al 5083 (Al-4.4Mg-0.7Mn-0.15Cr wt.%) gas-atomized powder (by Valimet, Inc., Stockton, CA) was cryomilled in a 20 kg batch with liquid N 2 for 8 hours (DWA Aluminum Composites, Chatsworth, CA). The detailed cryomilling and degassing processes are described elsewhere [13, 14] . For consolidation, the degassed can was pre-heated to 450°C and subsequently QI forged (Advanced Materials & Manufacturing Technologies, LLC). The maximum pressure applied to the die was 343 MPa. The forged disk was machined to remove the canning material, then QI-forged once again. Final dimensions of the disk were 128 mm (diameter) × 16 mm (thickness). A standard Al 5083-H131 'armor grade' plate was used for comparison. The plate was made by conventional processes consisting of casting, followed by hot rolling, and then cold working to the H131 condition.
The concentration of metallic alloying elements was measured using DC plasma emission spectroscopy (by Luvak, Inc.) according to ASTM E1097-03. Non-metallic elements were measured by inert gas fusion methods (RH404 (H), and TCH600 (O & N) analyzers) and by combustion combined with IR detection (CS600 (C) analyzer, LECO, Inc). Samples of the materials, both as-cryomilled powder and forged Al 5083 disk, were prepared for TEM examination (Philips EM420T). Cryomilled powders were prepared by mixing with an epoxy (G-1, Gatan Inc) and curing at ambient temperature, then ground, polished, dimpled and ion milled to perforation for electron transparency. TEM samples from the forged disk were prepared by electrolytic jet polishing using an ethanol solution containing 8 % perchloric acid + 10 % 2-butoxyethanol at a temperature of -40ºC. Grain size was measured directly from the TEM images using two different methods, a linear intercept method and individual grain measurements for ~ 350 grains generating grain size histograms. In case of the cryomilled powder, the grain size measurements were performed on 6-7 powder particles. The mean grain size and aspect ratio of the standard Al 5083 plate was obtained from optical micrographs after chemical etching using a linear intercept method.
The nanoindentation measurements were performed using a TriboIndenter (Hysitron, Minneapolis, MN) with a 100 nm Berkovich tip. Tests were carried out on resin-mounted Al 5083 alloy samples of the cryomilled NC powder, the forged UFG plate, and the conventional CG alloy. The loading rates were varied between 50 and 50,000 µN/s, and the maximum load used for each test was 5,000 µN. About 25-50 indents were performed at each indentation rate for each specimen. During the tests, the standard nanoindentation drift correction software was applied.
Results and discussion
Composition of the consolidated cryomilled Al 5083 powder is shown in Table 1 , along with the specified composition of standard Al 5083. Examination of the compositions shown in Table 1 indicates that the concentrations of non-metallic elements, N, H, O and C, are much higher in the forged UFG plate made using cryomilled powder than in the specified standard Al 5083 alloy composition. A large fraction of the N, H, O and C are expected to be present as interstitial atoms in the Al 5083 alloy. 
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The microstructures showing the grain structure of the cryomilled Al 5083 alloy powder and the forged UFG plate, appear in Fig. 1(a) and 1(b) , respectively. The selected area diffraction (SAD) patterns from the areas displayed in the bright field TEM images are shown as inserts in Fig. 1(a)  and 1(b) . The SAD pattern shown in Fig. 1(a) from as-cryomilled NC powder shows only rings, which are characteristic of randomly distributed nano-size grains. On the other hand, individual spots arranged in rings are distinguishable in the SAD pattern shown in Fig. 1(b) from the consolidated UFG material. The spots in the SAD pattern arise from the CG structure. Histograms depicting the grain size distributions in the cryomilled powder and in the forged UFG plate are also shown in Fig. 2(a) and 2(b) , respectively. The average grain size of all three materials along with the aspect ratio of the grains, the cryomilled NC powder, the forged UFG plate and the standard CG plate, is shown in Table 2 . The average grain size in the cryomilled NC powder (50 nm) is less than a fifth of that (254 nm) in the forged UFG plate. In addition, the grain size distribution of the forged UFG material is much wider than that of the NC powder, and the sizes of the conventional CG material are an order of magnitude larger. The larger average grain size and the wider grain size distribution in the forged UFG material (compared to the cryomilled NC powders) is attributed to grain coarsening during consolidation at high temperature. The average grain size for the conventional CG material is three orders of magnitude greater than that in the forged UFG material, as shown in Table 2 . * viewed normal to the forging direction; + viewed normal to the rolling direction.
Data showing the variation of hardness with loading rate for the cryomilled NC powder, the forged UFG material, and the conventional CG material are shown in Table 3 . The standard deviations are shown as error bars for each test result. From a careful study of the data, the following may be inferred: (i) the standard deviations of the hardness values are greater for the cryomilled NC powder and the forged UFG material than for the conventional CG material; (ii) the hardness decreases with increasing loading rate for the NC powder and the UFG material, while it remains unchanged for the CG material; (iii) the drop in hardness with loading rate for the NC powder is much sharper than for the UFG material; (iv) the average hardness of the UFG material is 2.5−3 times greater than the CG alloy, depending on the loading rate; and (v) the hardness of the NC powder is 8 and 6 times greater than the CG material at the highest and the lowest loading rates, respectively. The greater standard deviations for hardness values obtained from the cryomilled powder and the forged UFG sample are attributed to microstructural heterogeneities, particularly due to the width of the grain size distributions, as depicted in Fig. 2(a) and 2(b) . On the other hand, the conventional alloy has much less scatter in grain size. The higher hardness values in samples with finer grain sizes (50 nm) follows expectations based on the Hall-Petch relationship. The decrease in the hardness with loading rate indicates negative strain rate sensitivity in these alloys, particularly when the average grain size is less than 100 nm.
The negative SRS observed during the nanoindentation experiments is usually observed in materials exhibiting dynamic strain aging during tension tests [15] . Room temperature tensile experiments on these alloys have shown evidence of serrated plastic flow behavior [16] , which has been attributed to dynamic strain aging. The dynamic strain aging is caused by the attractive interaction of dislocations with interstitial solute atoms. Interstitial solute atoms of nitrogen, carbon, hydrogen and oxygen pin the dislocation cores and exert drag on dislocation glide. The pinning of dislocations by the interstitial solute atoms causes jerky glide of the dislocations. At high loading rates or strain rates, there is a rapid increase in the density of mobile dislocations, particularly when the dislocations are locked-in and are not free to move otherwise. The larger plastic deformation accompanying the generation of increased density of mobile dislocations manifests as larger indentation size and lower hardness. Both the density of dislocations and their mobility decreases as the grain size decreases, and this is particularly pronounced when the average grain size is less than 100 nm. Hence, the effect of higher loading rates on triggering of dislocation motion is more pronounced when the grain size is in the nanocrystalline range.
Negative SRS has also been observed in NC BCC metals, and has been attributed to twinning [10] . Evidence of deformation twinning during cryomilling has also been reported for FCC metals [17] . Furthermore, Jin et al. [18] have reported grain growth during room temperature nanoindentation of UFG high purity Al. Grain growth could result at high loading rates and could lead to softening. However, TEM studies of the NC Al 5083 alloy powders subjected to a series of hardness indentations have shown no evidence of deformation twinning or grain growth. Grain growth is inhibited at room temperature because of the presence of solutes and interstitial impurity
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Nanomaterials by Severe Plastic Deformation IV atoms, as well as by-products of cryomilling, including oxides and nitrides [4] . Hence, the role of interstitial solute atoms in pinning the dislocations provides the most plausible explanation for negative SRS observed during nanoindentation of the cryomilled NC powders at different loading rates. 
Conclusions
The effect of loading rate on the hardness obtained from nanoindentation experiments on Al 5083 alloy in the form of cryomilled NC powders, forged UFG as well as conventional CG materials with the average grain size of 50 nm, 253 nm and 132 µm, respectively, has been examined. For a specific loading rate, the hardness increases with decreasing grain size, as expected from the Hall-Petch relationship. The hardness decreases sharply with loading rate in the cryomilled NC powder, indicating significant negative SRS. The negative SRS is less prominent in the UFG material and absent in the conventional CG alloy. The negative SRS in the NC and UFG materials is attributed to the pinning of dislocations by interstitial solute atoms as well as the small grain size, both of which restrict dislocation motion. Indentation at high loading rates is expected to trigger dislocation motion by unlocking from solute atoms, increasing the density of mobile dislocations. This will result in an increase in the size of the indentation, and a reduction in hardness.
